Introduction
Chronic lymphocytic leukemia (CLL) is the most common adult leukemia, 1, 2 characterized by the expansion of mature malignant CD5 1 B cells. 3 CLL is clinically heterogeneous, and patients experience either stable or progressive disease with accumulation of malignant B cells in lymph nodes, spleen, bone marrow, and peripheral blood. 4 Nurse-like cells (NLCs) are CLL-specific tumor-associated macrophages (TAMs), which can differentiate in vitro from monocytes cultured with CLL cells. 5 They sustain malignant B-cell survival 6, 7 and are a major cellular component of the leukemia microenvironment in lymphoid tissues 8, 9 of patients with progressive but not stable disease, suggesting that these cells have an impact on the natural history of CLL. 10, 11 Type I invariant natural killer T (iNKT) cells are a conserved T-cell subset expressing a semi-invariant T-cell receptor (TCR) containing the Va14-Ja18 and Va24-Ja18 chains in mice and humans, respectively. iNKT cells react with self-or microbial-derived lipid antigens, such as a-galactosyl ceramide (a-GalCer), presented by the HLA class I-related molecule CD1d. iNKT cells exhibit an innate-like effector phenotype and swiftly respond to stimulation by upregulating costimulatory molecules and cytokines, conferring on them a central role in tumor immune surveillance. 12 iNKT cells can control tumor growth either by direct recognition of CD1d-expressing tumor cells, or indirectly, by activation of antitumor CD8 1 T and NK cells or by modulation of protumor myelomonocytic cells. [13] [14] [15] [16] [17] [18] In cancer patients, decreased iNKT cell numbers and interferon-g (IFN-g) production correlate with adverse prognosis. [19] [20] [21] In CLL patients, it was reported that CD1d expression by malignant cells correlates with adverse prognosis, whereas iNKT cells can recognize leukemia cells in vitro when preloaded with synthetic a-GalCer. [22] [23] [24] However, the role of iNKT cells in the natural history of CLL is essentially unknown.
Our study addresses this issue in Tcl1 mice, a widely accepted mouse model of CLL, 25 and in a cohort of 68 CLL patients. In mice,
we found that iNKT cells controlled leukemia onset but became functionally impaired upon disease progression. iNKT cells were consistently deeply impaired in patients with disease progression, and this somewhat unexpectedly correlates with high CD1d expression on autologous CLL cells. By contrast, in patients with stable disease, CLL cells display no or low CD1d expression, whereas iNKT cells retain intact functions and can control leukemia cell survival in vitro by restraining protumor functions of NLCs. iNKT cell frequency has emerged as a new valuable prognostic factor for progressive leukemia.
Methods
Mice C57BL/6N wild-type (wt) (Charles River Laboratories, Calco, Italy), Em-TCL1, 25 Ja18
2/2 , 26 and CD1d 2/2 mice 27 (all on the C57BL/6N background) were treated in accordance with the Institutional Animal Care and Use Committee of San Raffaele Scientific Institute, Milan, Italy. Em-Tcl1 mice were crossed with Ja18 2/2 or CD1d 2/2 mice to obtain Tcl1-Ja18 2/2 or Tcl1-CD1d
mice.
Patients
CLL diagnosis, prognostic factors, and disease progression (Table 1) were documented according to the International Workshop on CLL 2008 criteria (IWCLL 2008) . 28 All patients were either untreated or off therapy for at least 6 months (range, 6 to 12 months) before the beginning of the study. Patients with progressive disease who were receiving antileukemia treatment were excluded from the study. Progressive disease was defined per IWCLL 2008 criteria and was based on the presence of at least 1 of the following clinical parameters: anemia and/or thrombocytopenia as a result of bone marrow infiltration by CLL, bulky symptomatic or progressive lymph nodes, massive symptomatic or progressive splenomegaly, uncontrolled autoimmune anemia and/or thrombocytopenia, lymphocyte doubling time ,6 months, and/or B symptoms (drenching night sweats, fever, unexplained weight loss). Peripheral blood from CLL patients and age-matched healthy donors and lymph node samples from CLL patients were obtained after patients provided written informed consent in accordance with the Declaration of Helsinki.
Mouse cells and tissues
iNKT cells were expanded in vitro for 14 days from total splenocytes of wt mice with 100 ng/mL a-GalCer (Kyowa Hakko Kirin, Tokyo, Japan), 40 U/mL recombinant human interleukin-2 (rhIL-2) (Novartis, Basel, Switzerland), and 10 ng/mL recombinant mouse IL-7 (rmIL-7) (R&D Systems, Minneapolis, MN). To obtain dendritic cells (DCs), bone marrow cells from wt mice were cultured for 5 days with 25 ng/mL granulocyte-macrophage colony-stimulating factor plus 5 ng/mL IL-4 (R&D Systems) and enriched with mouse CD11c beads (Miltenyi Biotec, Bergisch Gladbach, Germany). CLL cells were isolated with a mouse B-cell enrichment kit (EasySep, STEMCELL Technologies) from Tcl1 and Tcl1-CD1d 2/2 mice. DCs and CLL cells were loaded in vitro with 200 ng/mL a-GalCer. Tcl1 tissues were paraffin included, sectioned, and stained with hematoxylin and eosin.
Human cells
iNKT cells were expanded and purified from healthy donor-derived peripheral blood mononuclear cells (PBMCs) with 100 ng/mL a-GalCer as described. 29 CLL cells, healthy donor B cells, and monocytes were purified from PBMCs with a B/CLL isolation kit or anti-CD14 beads (Miltenyi Biotec), respectively. T and CLL cells were depleted with anti-CD3 or anti-CD19 beads, respectively (Miltenyi Biotec).
Flow cytometry
Antibodies were from BioLegend (San Diego, CA) unless otherwise noted. Mouse CLL cells were stained with anti-CD19, anti-immunoglobulin M (antiIgM), anti-B220, and anti-CD1d monoclonal antibodies (mAbs); mouse iNKT cells were stained with anti-TCRb mAb and PBS57-loaded mouse CD1d (mCD1d) tetramers (obtained from the National Institutes of Health Tetramer Core Facility). Human cells were analyzed in whole blood: CLL cells were stained with anti-CD5, anti-CD19, and anti-CD1d (BD Biosciences, San Jose, CA) or unlabeled anti-CD1d and goat anti-mouse IgG Abs (Thermo Fisher, Waltham, MA), iNKT cells were stained with anti-CD3 or anti-TCRa/b (BD Biosciences), anti-Va24, anti-Vb11 (Coulter, Brea, CA) or anti-Va24-Ja18 (Miltenyi Biotec), anti-CD4, and anti-CD127 mAbs (Coulter). Human monocytes were stained with anti-CD14 and anti-CD1d. Intracellular cytokine production by iNKT and T cells was determined by using anti-IFN-g mAbs. Samples were acquired on a FACSCanto II flow cytometer or an LSRFortessa X-20 analyzer (BD Biosciences), excluding dead cells and doublets, and analyzed with FlowJo 10.0.6 software.
iNKT cell activation assays
Murine iNKT cells were activated in vivo by intravenous injection into mouse a-GalCer preloaded DCs, and serum IFN-g was measured by using enzymelinked immunosorbent assay (ELISA). Murine iNKT cells were activated in vitro by culturing them with a-GalCer loaded or unloaded CLL cells at a 2:1 effector: target (E:T) ratio with or without 10 mg/mL anti-CD1d blocking mAb (clone 1B1; BioLegend). 30 Secreted IFN-g was tested after 48 hours by ELISA. To activate primary human iNKT cells from CLL patients, PBMCs were depleted from CLL cells and incubated with anti-CD3/anti-CD28 beads (Life Technologies/Invitrogen) (1:1 T cell:bead) or phorbolmyristate acetate (PMA; 25 ng/mL) plus ionomycin (1 mg/mL) (Sigma). After 16 hours, 10 mg/mL Brefeldin A (Sigma) was added for 2 hours before intracellular cytokine staining. To activate healthy iNKT cell lines in vitro, freshly isolated healthy B or CLL cells were cultured at the indicated numbers with 2 3 10 4 iNKT cells with or without 20 mg/mL blocking anti-CD1d (clone 51.1; BioLegend). 31 After 48 hours, secreted IFN-g was determined by ELISA.
Culture and imaging of NLCs
Frozen lymph node sections were stained with anti-CD68 (Abcam, Ltd., Cambridge, UK) and anti-CD1d (clone 42.1; BD Biosciences) mAbs, followed by labeled goat anti-rabbit and goat anti-mouse Abs (Thermo Fisher), respectively, and 49,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher) for nuclei counterstaining. NLCs were differentiated in vitro from patient-derived T-cell-depleted PBMCs, 6, 7 and after 7 to 10 days, they were stained with antiCD1d mAbs followed by goat anti-mouse Ab heavy and light chains (H&L) (Thermo Fisher) and were fixed and examined by either immunofluorescence or by confocal microscopy upon nuclear counterstaining with DAPI. Purified donor-derived monocytes, allogeneic donor-derived iNKT cells, and purified CD1d neg CLL cells were co-cultured (at a 1:3:5 ratio, respectively) with or without 20 mg/mL anti-CD1d blocking mAb for 7 to 10 days, with 10 U/mL rhIL-2 (Novartis) added only at day 1. T-cell-depleted patient-derived PBMCs were cultured for 14 days with or without allogeneic donor-derived iNKT cells (1:3 iNKT cell to monocyte ratio). Surviving CLL cells were removed from the cultures and counted by Flow-Count Fluorospheres (Coulter). Adherent cells remaining in the cultures were either counted after nuclei labeling with Hoechst stain (Thermo Fisher) or stained with anti-CD68 mAb (BD Biosciences) and DAPI for immunofluorescence and quantitative image analysis. Brightness and contrast were optimized for visualization with ImageJ software.
Statistics
Malignant B-cell expansion kinetics in Tcl1 mice were compared by using nonlinear mixed-effects models 32 as reported. 21 Differences between groups were assessed by 2-sided (unless otherwise noted) unpaired Student t test or Wilcoxon test for non-Gaussian distributions. Linear correlation between 2 parameter categories was evaluated by Spearman's test. For multiple group comparisons, 1-way analysis of variance was adopted. A P value , .05 was considered statistically significant. For multivariable analysis of human CLL prognostic factors, a generalized linear model (GLM) 33, 34 was fitted on the data (see supplemental Data, available on the Blood Web site) using R language and environment for statistical computing. 35 
Results iNKT cells control leukemia onset and initial organ infiltration in Tcl1 mice
We investigated the surveillance of CLL cells by iNKT cells in the transgenic leukemia Tcl1 mouse model, 25 in which malignant CD19
low B cells progressively expand from 8 weeks of age ( Figure 1A) . 36 Leukemia cells from Tcl1 mice expressed CD1d at constant levels during disease progression, similar to the normal B-cell counterpart ( Figure 1A ). Tcl1 mice were crossed with Ja18 2/2 (Tcl1-Ja18
) mice lacking iNKT cells and all CD1d-restricted NK T cells, respectively. 17 A longitudinal analysis of CLL peripheral expansion estimated that the leukemia onset and progression were significantly faster in NK T-cell-deficient than in NK T-cell-sufficient Tcl1 mice up to 30 weeks of age ( Figure 1B ). At later disease stages, the 3 mouse strains exhibited similar rates of CLL progression and by 50 to 55 weeks, they developed full-blown leukemia ( Figure 1B ) with similar overall survival (data not shown). Histopathology analysis revealed a more aggressive disease infiltration of spleen and lymph nodes in 16-to 17-week-old Tcl1-Ja18 2/2 mice compared with Tcl1 mice ( Figure 1C-D) . Conversely, 39-to 43-weekold Tcl1 and Tcl1-Ja18 2/2 mice exhibited comparable leukemia infiltration scores ( Figure 1C-D) . To assess the functionality of iNKT cells upon disease progression, we injected a-GalCer preloaded wt DCs in 20-and 50-week-old Tcl1 and wt mice and assessed serum IFN-g production up to 24 hours later. The cytokine concentration was comparable in 20-week-old Tcl1 and wt mice ( Figure 1E ). However, at 50 weeks, and irrespective of similar numbers of splenic and liver iNKT cells in leukemic and healthy animals (supplemental Figure 1) , IFN-g production from Tcl1 mice was markedly impaired ( Figure 1E ), suggesting the acquisition of functional defects by autologous iNKT cells. We then investigated whether normal iNKT cells could directly recognize CD1d-expressing CLL cells in vitro. iNKT cells were directly activated by purified CLL cells from Tcl1 mice but not wt B cells, suggesting the recognition of CD1d-restricted endogenous leukemia-derived lipids. Preloading healthy or leukemia B cells with a-GalCer resulted in robust iNKT cell activation, confirming that both cell types were capable of presenting lipid antigens ( Figure 1F ). Finally, we investigated whether CD1d expression on CLL cells was a prerequisite for leukemia surveillance by iNKT cells. Purified CLL cells from Tcl1 or Tcl1-CD1d 2/2 mice were loaded or not loaded with a-GalCer in vitro and then injected into wt animals. The progression of both a-GalCer preloaded CD1d 1/1 or CD1d 2/2 CLL was significantly delayed in blood and spleen compared with unloaded cells ( Figure 1G -H), indicating that CD1d expression on CLL was dispensable for leukemia surveillance by iNKT cells.
Collectively, these results suggested that iNKT cells controlled the initial CLL expansion phase by mechanisms that may not require direct leukemia cell recognition but became functionally impaired upon disease progression.
High CD1d expression on CLL cells and iNKT cell impairment correlate with disease progression in patients
The above results prompted us to search for a clinical correlate of iNKT cell immune surveillance in a cohort of 68 CLL patients (Table 1) . CD1d was expressed on CD19 1
CD5
1 CLL cells with an intrapatient unimodal profile but variable interpatient intensity (Figure 2A) . In 46 patients, we determined the circulating iNKT cell frequency (range, 0% to 0.35% of total T cells; median, 0.0235%) and absolute numbers (0 to 0.0056 cells per mL of blood; median, 0.0005 cells per mL of blood). These patients displayed a significant inverse correlation between the level of CD1d expression on CLL cells and the autologous iNKT cell frequencies and counts ( Figure 2B ). Importantly, CD1d expression on CLL cells was significantly higher and iNKT cell frequency and number were significantly lower in patients with progressive disease than in patients with stable disease (Figure 2Ci ,iii, iv). The differential CD1d expression between patients with progressive disease and patients with stable disease was specific for the malignant but not the normal autologous B-cell compartment, which instead expressed comparable (and significantly higher than malignant cells; P , .05) CD1d levels in both stable and progressive cohorts (Figure 2Cii) .
We next assessed whether the residual circulating iNKT cells in patients with progressive disease were also functionally impaired, as observed in Tcl1 mice with advanced disease. Indeed, iNKT cells from CD1d high (relative fluorescence intensity [RFI] $3) patients did not respond to activation by either a-CD3/a-CD28 beads or PMA/ ionomycin ( Figure 2D ), whereas autologous T cells displayed selective unresponsiveness only upon activation by a-CD3/a-CD28 beads but not PMA/ionomycin, as reported. 37 By contrast, iNKT and T cells were Figure 1 (continued) Tcl1-CD1d 2/2 mice and purified B cells from wt mice preloaded or not with a-GalCer were cultured for 48 hours with iNKT cell lines from wt mice with or without anti-CD1d blocking mAb as indicated, and the released IFN-g was measured by ELISA. Graphs depict mean 6 standard deviation (SD). One representative result of 2 independent and consistent experiments is shown. *P , .05; **P # .005; ***P # .0005; ****P # .00005 1-way analysis of variance (ANOVA). (G) In all, 2 3 10 6 purified and a-GalCer preloaded CLL cells from Tcl1 or Tcl1 CD1d 2/2 mice were injected intraperitoneally into C57BL/6N mice (n 5 6 per group). For personal use only. on July 6, 2017. by guest www.bloodjournal.org From 
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For personal use only. on July 6, 2017. by guest www.bloodjournal.org From defective CD1d-dependent stimulation by CLL cells resulting from dysfunctional antigen-presenting functions of malignant B cells. 17, [42] [43] [44] To address these issues, we cultured iNKT cell lines from healthy donors with purified CD1d neg/low or CD1d high CLL cells, or B cells from healthy donors with or without anti-CD1d blocking antibody. IFN-g was secreted in a CD1d-dependent manner by iNKT cells upon direct recognition of 3 of 4 CD1d high but none of 4 CD1d neg/low CLL cells (Figure 3A We hypothesized that iNKT cells might indirectly control leukemia progression by restraining NLCs, which are reported to be CLLspecific TAMs endowed with proleukemia functions. [5] [6] [7] To address this issue, we first verified the expression of CD1d by NLCs in vivo. Lymph node sections from 2 patients with progressive CLL contained large CD68 1 stellate cells that displayed a macrophage-like morphology compatible with that of NLCs that co-expressed CD1d at variable intensity ( Figure 4A-B) . Immunohistochemistry staining of lymph node sections from a third patient with progressive CLL confirmed the presence of scattered CD1d 1 macrophage-like cells surrounded by packed elements that displayed CLL cell morphology (supplemental Figure 2) . Irrespective of CD1d expression by autologous CLL cells, CD1d was also expressed by primary monocytes (isolated from patients) that were considered NLC precursors ( Figure 4C ), as well as by NLCs spontaneously differentiated in vitro upon culturing T-cell-depleted PBMCs from CLL patients ( Figure 4D ). Second, we investigated the effects of iNKT cells on the differentiation of healthydonor monocytes into NLCs upon coculture in vitro with purified CLL cells, as described.
6,7 CD14 1 monocytes were cultured in the presence or absence of allogeneic purified CD1d neg CLL cells and healthy-donor iNKT cells. We used this source of iNKT cells to overcome the quantitative limitations of the clinical samples, assuming that they were functionally comparable with the cells from patients with CD1d neg/low CLL stable disease. After 7 days of culture ( Figure 5A ), iNKT cells markedly reduced the number of adherent NLCs, which were significantly restored in the presence of anti-CD1d mAbs. Consistent with the absence of CD1d expression on CLL cells, iNKT cells did not directly impair their survival, which was actually sustained by coculture with monocytes ( Figure 5A ). 6 Third, we assessed whether iNKT cells could affect the differentiation of patient-derived NLCs in vitro and, in turn, the survival of CD1d neg CLL cells. T-cell-depleted PBMCs from CD1d neg CLL patients were cultured in the presence or absence of iNKT cell lines from healthy donors. After 14 days of coculture, NLC and CLL counts were markedly reduced in the presence of iNKT cells ( Figure 5B,D,F) . Furthermore, the adherent cells, differentiated in the absence of iNKT cells, exhibited a macrophage-like shape and homogeneous intracellular CD68 expression typical of NLCs ( Figure 5B ,C,E). By contrast, the residual adherent cells differentiated in the presence of iNKT cells were mostly spindle shaped and negative for CD68 expression ( Figure 5B ,C,E). Collectively, these results suggested that iNKT cells can indirectly impair CLL viability by restraining NLC differentiation in a CD1d-depedent manner.
iNKT cell percentage predicts CLL progression in multivariable analysis
In light of the correlation between high CD1d expression by CLL cells and low iNKT cell frequency with disease progression, we compared the prognostic value of these 2 parameters with the currently used For personal use only. on July 6, 2017. by guest www.bloodjournal.org From markers: Rai clinical stage, ZAP-70 and CD38 expression, chromosomal aberrations, and IGHV gene mutational state of CLL cells. The univariable statistical analysis of our cohort of patients showed that, as expected, disease progression was associated with higher numbers of different chromosomal aberrations, CD38 expression, and unmutated IGHV genes and also with lower iNKT cell frequencies and higher CD1d expression on CLL cells than in stable disease (Table 2 ; Figure 2C ). To predict the progression probability, the above prognostic factors were included as covariates of a GLM in a multivariable analysis. In the GLM-1 model containing all markers, a backward stepwise analysis (supplemental Table 1 ) selected iNKT cell frequency and CD38 expression on CLL cells as the best significant independent prognostic factors (Spearman correlation test between the 2 covariates, P 5 .85) ( Table 3) . A second GLM (GLM-2) ( Table 3) was generated on the basis of only the classical CLL prognostic factors, excluding iNKT cell frequency and CD1d expression on CLL cells. By using this procedure, CD38 expression was selected as a unique significant CLL prognostic factor. However, GLM-1 predicted the progression probability of patients with higher sensitivity than GLM-2 (supplemental Table 2 ), highlighting iNKT cells as a potential novel CLL prognostic parameter.
Discussion
Our results provide compelling evidence for the involvement of iNKT cells in the immune surveillance against CLL in both mouse models and patients. Indeed, the absence of iNKT cells in Tcl1 mice, a realistic preclinical model of human CLL, accelerated the leukemia onset and initial infiltration (before 30 weeks of age) in secondary lymphoid tissues. Mechanistically, our study suggested that iNKT cells might control CLL cells independent of direct recognition. Moreover, leukemia expanded earlier in Tcl1-CD1d 2/2 mice that lacked iNKT type I and type II NKT cells compared with Tcl1-Ja18 2/2 mice that lacked only iNKT cells, which suggests that, at least in CLL, type II NKT cells may also display antitumor functions. 17, 45 This differs from the immunosuppressive protumor role attributed to type II NKT cells in some solid tumors. 17, 45 Consistent with previous reports, 22, 24, 46 our data showed CD1d expression on CLL cells from patients, although it was distributed over a wide range of intensity. We found that iNKT cell counts and the expression level of CD1d on CLL cells were inversely correlated. Patients with lower numbers of iNKT cells had higher CD1d expression on CLL cells and were more prone to disease progression, whereas higher numbers of iNKT cell were associated with lower or negative CD1d expression on CLL cells and disease stability. Unexpectedly, lack of CD1d expression by malignant B cells did not represent a mechanism of CLL evasion from iNKT cell surveillance, in sharp contrast with the loss of major histocompatibility complex expression by solid and hematologic tumors escaping from T-celldependent selective pressure. 47, 48 Progressive dysfunctions of iNKT cells were similar in the Tcl1 model and in patients, and both were associated with the maintenance of CD1d expression by CLL cells. The functional defect in Tcl1 mice is intrinsic to iNKT cells because it could not be reversed in vivo by activation with wt DCs preloaded with the potent agonist a-GalCer. Moreover, the impaired IFN-g production by iNKT cells from patients with CD1d
high CLL and increased probability of progression is consistent with the functional defect previously described in iNKT cells from cancer patients with poor prognosis. 19, 20, 49 This condition was not described in CLL, possibly because patients were not previously classified depending on either clinical stage (ie, stable or progressive disease) or CD1d expression level on CLL cells. 23 Significant immunologic defects have been documented in CLL. 42, [50] [51] [52] In particular, T cells from patients are hyporesponsive to a-CD3/CD28 triggering, whereas they produce more cytokines than healthy T cells upon PMA/ionomycin activation. 37, 53 By contrast, iNKT cells from patients with progressive CLL disease did not respond to either anti-CD3/CD28 or to PMA/ionomycin activation, suggesting the acquisition of distinct, more profound defects compared with T cells. Moreover, iNKT cell, but not T-cell, responsiveness inversely correlated with CD1d levels on CLL cells, indicating that iNKT cell dysfunctions might derive from a CD1d-cognate contact with CLL cells. In this respect, we indeed showed that in the absence of a-GalCer, primary CLL cells from Tcl1 mice, but not wt B cells, stimulated iNKT cells in vitro in a CD1d-cognate manner. Furthermore, primary human CD1d high CLL cells, but not healthy B cells, potently activated The equation of GLM and the interpretation of parameter and intercept are described in supplemental Data. Best GLM was generated by backward stepwise selection (supplemental Table 1 ), including all the variables examined by univariable analyses in Table 2 . GLM-2 was generated by backward stepwise selection (detailed in supplemental Table 1 ) by excluding iNKT cell frequency.
SE, standard error. *P , .05 indicates factors with statistically significant prognostic contribution, as calculated by backward stepwise selection, detailed in supplemental Table 1 . P values were obtained by means of 2-tailed Z test performed by using R software.
†iNKT cell frequency: selected prognostic factor; square root transformation was adopted for iNKT cell frequency to account for the small positive values of iNKT cell frequencies among total T cells.
‡CD38 expression on CLL is a selected prognostic factor. †P.S tested the hypothesis with prognostic factor values higher among patients with progressive disease than among patients with stable disease; P,S tested the hypothesis with prognostic factor values lower among patients with progressive disease than among patients with stable disease.
‡Each variable was evaluated as continuous. §Chromosomal aberration score was calculated as the sum of total chromosomal aberration numbers per patient.
iNKT cells without the addition of a-GalCer. These findings suggest that iNKT cells can directly recognize leukemia-derived lipids presented by CD1d on CLL cells. As a result of this, our findings also support the hypothesis that iNKT cells might become functionally exhausted upon chronic stimulation by CD1d-expressing CLL cells. We indeed found a reduced CD127 expression by iNKT cells in CD1d high progressive CLL, similar to the phenotype acquired by exhausted T cells in the course of chronic viral infections. 41 Because IL-7 signaling via CD127 is critical for iNKT cell homeostasis, 54, 55 its decline might account for the observed loss of these cells upon CLL progression. Nevertheless, additional factors, such as immunosuppression or impaired costimulation delivered by CLL cells 9 may also contribute to iNKT cell hyporesponsiveness in patients with progressive disease, similar to T-cell exhaustion in CLL patients. 37 We faced the intriguing situation in which an intact iNKT cell response correlated with low or absent CD1d expression by CLL cells in patients with stable disease. This suggested that iNKT cells might also hinder CLL progression independently of CD1d cognate recognition of leukemia cells. It has been demonstrated that iNKT cells can indirectly control neuroblastoma or melanoma via CD1d-dependent killing of TAMs 16 or modulation of suppressive myeloid cells, 56 respectively. Indeed, we show that a-GalCer preloaded mouse CLL cells that do or do not express CD1d were equally controlled when injected into wt mice, suggesting that CD1d expression by leukemia cells is dispensable for iNKT cell control. Moreover, we provide evidence that human iNKT cells can control CLL survival indirectly by restraining in vitro proleukemia functions of NLCs, a CLL-specific TAM population 5, 8 capable of supporting leukemia within protective niches of lymphoid tissues. Indeed, we identified CD68
1 macrophage-like NLCs expressing CD1d in CLL lymph nodes from patients with progressive disease. Our results are relevant in light of recent findings that support a critical pathogenic role for macrophages in CLL. For instance, loss of macrophage migration inhibitory factor, responsible for NLC recruitment, delays CLL development in TCL1-tg/Mif 2/2 mice, 57 whereas the therapeutic targeting of NLCs leads to decreased leukemia progression in preclinical models of mouse and human CLL.
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In line with the biological results supporting the role of iNKT cells in CLL control, our multivariable analysis identified iNKT cell frequency as an independent parameter that significantly predicts disease progression in association with CD38 expression. Further validation of the prognostic power of iNKT cell frequency is needed in an independent cohort of CLL patients.
On the basis of the above considerations, we can envisage a unifying model for the iNKT cell immune surveillance of CLL, whereby the control of NLCs remains active in the long term in patients with stable CD1d neg/low CLL, indirectly hindering leukemia progression. By contrast, iNKT cell immune surveillance becomes impaired in patients with progressive CD1d high CLL, owing to the persistent antigen stimulation of iNKT cells that ultimately leads to their functional exhaustion and has an impact on their NLC control ( Figure 6 ).
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